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Methods. In a cohort of 974 women from the Guanacaste Natural History Study, we studied the relationship of baseline cLIA and virus-like particle (VLP) enzyme-linked immunosorbent assay (ELISA) (HPV16 and HPV18 only) seropositivity to measures of HPV exposure, HPV DNA positivity, number of sexual partners, cytology findings, and age. We then studied immunity against subsequent infection with HPV6, 11, 16, 18 and related types over a 7-year period.
Results. cLIA seroprevalence varied with previous exposure; the prevalence of cLIA results positive for HPV16 and HPV18 was lower than the prevalence of positive VLP ELISA responses. cLIA and VLP ELISA positivity predicted protection from subsequent infections with concordant types. The combined odds ratio for HPV16 and HPV18 cLIA positivity was 0.41 (95% confidence interval [CI] , 0.21-0.80), and the combined odds ratio for the HPV16 and HPV18 VLP ELISA positivity was 0.65 (95% CI, 0.46-0.93). Of individual types, statistical significance was only reached for HPV16 cLIA positivity (odds ratio, 0.44; 95% CI, 0.15-0.94).
Conclusions. Both assays showed an association between positive results and significant protection from subsequent infections for HPV16 and HPV18 combined. cLIA seroprevalence was lower than VLP ELISA, suggesting that the assay detects a subset of antibodies following natural infection that are specifically linked to immunity against subsequent HPV infection.
Almost all cervical cancers are caused by persistent infections due to carcinogenic human papillomavirus (HPV) types [1] . Cervical cancer develops through characteristic stages, from HPV infection to cervical precancer and cancer [2] . Most HPV infections are transient and resolve after a few months. The host immune system plays an important role in preventing, controlling, and eliminating HPV infection of the cervix [3] . Neutralizing antibodies prevent the initial internalization of the virus in basal cells [4, 5] , whereas clearance of a transient infection is thought to be mainly mediated by cellular immune components [6, 7] .
Because antibody responses are central to preventing HPV infections, serological assays measuring antibodies directed against HPV may be helpful to identify individuals exposed to HPV and/or protected from subsequent HPV infection [8] . Virus-like particle (VLP) enzyme-linked immunosorbent assays (ELISAs) measure a polyclonal response against HPV VLPs and cannot differentiate between neutralizing and nonneutralizing antibodies. Only approximately one-half of women with results positive for HPV DNA at the cervix experience seroconversion to that HPV type; higher seroconversion rates have been observed with longer duration of infection [9] [10] [11] . Most studies have reported similar seroprevalence for HPV16 and HPV18, despite the much higher prevalence of HPV16 infection [10] . Our previous studies in the Guanacaste Natural History Study have not convincingly demonstrated that natural antibody titers against HPV are protective against subsequent infections [9] . A recent VLP ELISA study conducted in the Costa Rica Vaccine Trial has suggested that there is some protection by natural antibody responses, especially at higher antibody titers [12] .
HPV vaccination induces high antibody titers against HPV L1 epitopes that correlate with protection from new infections among virtually all women naive to that type of HPV [13] . The vaccine-induced antibodies are polyclonal, and only a subset of the polyclonal response represents neutralizing antibodies [14, 15] .
Natural HPV antibody titers are lower than vaccine-induced titers, and it is unclear whether the composition of natural serologic responses is similar to that of vaccine-induced responses. We do not know whether protection observed in vaccinated women is mainly related to high titers or to a higher proportion of neutralizing antibodies. Neutralization assays can measure protective neutralizing antibodies with high specificity but suboptimal sensitivity; they are not applicable in large epidemiologic studies [16] .
A new high-throughput competitive Luminex Immunoassay (cLIA) permits epidemiologic studies of HPV serology [17] . The assay measures the competition of antibodies in serum samples with neutralizing antibodies targeting HPV6, HPV11, HPV16, and HPV18 in parallel. We compared results obtained with the cLIA assay in a cohort of women from the Guanacaste Natural History Study with previous results obtained with a VLP ELISA assay.
MATERIAL AND METHODS

Study Population
We selected enrollment plasma samples from 974 women from the 10,000-woman Guanacaste Natural History Study (NHS). We focused on the 4 types covered by the cLIA assay: HPV6, HPV11, HPV16, and HPV18. To evaluate cross-protection, we enriched the sample with serum specimens from cases of infections with types closely related to HPV16 (HPV31, HPV33, HPV52, and HPV58) and HPV18 (HPV45).
The sampling strategy is shown in detail in the Consolidated Standards of Reporting Trials diagram. Among women from the full cohort who had follow-up HPV test results, we included as cases of new infection all individuals with results negative for HPV16, HPV18, HPV6, and HPV11 at baseline who developed an incident infection with 1 of the 4 types (including transient and persistent infections lasting at least 1 year, or a CIN2 or greater (CIN21) with concomitant detection of the type) (n 5 294). We sampled half of all women negative at baseline for HPV31, HPV33, HPV45, HPV52, and HPV58 who had an incident transient infection with at least 1 of these types (n 5 119) and all women with an incident persistent infection or CIN21 related to 1 of these 5 types (n 5 116) ( Figure 1A) .
We sampled additional women from an age-stratified random sample of 1100 women participating in the NHS enrollment visit, who had been previously tested for the prevalence of multiple sexually transmitted agents [18] . We specifically sampled women with varying characteristics related to past HPV infection: all women with 0 sexual partners, all women with R4 sexual partners, and all women with positive HPV DNA results for any of the 9 types at baseline (n 5 208). In addition, we included one-third of all women who were HPV DNA negative at enrollment and had 1-3 sexual partners (n 5 237) ( Figure  1B) . Determinants of cLIA seroprevalence were studied for all 974 selected women; 41 women without follow-up data and/or persistent infections at baseline were excluded from the analysis of risk of subsequent infections. We randomly selected a second aliquot from 56 samples for quality control testing, resulting in a total of 1030 cLIA assays.
HPV DNA testing was performed from cervical cells using the MY09-MY11 degenerate primer PCR and dot blot detection of type-specific DNA [19] .
Plasma Conversion and cLIA
Heparinized plasma samples from NHS were converted to serum. A stock solution of 100 USP (NIH units)/mL bovine thrombin (Sigma Aldrich), 20 mg/mL protamine sulfate (Sigma Aldrich), and 50 ug/mL Atroxin (Sigma Aldrich) was freshly prepared. To each 1-mL plasma aliquot, 15 lL of the stock solution was added, and incubation was performed at 37°C for 30 min. Next, samples were centrifuged at 13,200 rpm for 30 min, and then the serum supernatant was transferred to a clean tube and heat inactivated at 56°C for 30 min.
Subsequently, the cLIA assay was performed as previously described [17] . In brief, VLPs for HPV6, HPV11, HPV16, and HPV18 were expressed in yeast, coupled to Luminex microspheres, and pooled. Type-specific antibodies binding to neutralizing epitopes were labeled with phycoerythrin and used at a final concentration of 0.5 lg/mL for H6.B10.5, 1.0 lg/mL for H11.B2, 1.0 lg/mL for H16.V5, and 1.25 lg/mL for H18.J4. Serum samples and VLP microspheres were incubated before PE-tagged antibodies were added to the well. After incubation over night at room temperature, serum samples were washed 3 times with phosphate-buffered saline. Mean fluorescence intensities (MFIs) were measured using a Luminex 100 instrument, and MFIs were converted to arbitrary mMU/mL values using standard curves. The cutoffs used for HPV6, HPV11, HPV16, and HPV18 were 20, 16, 20, and 24 [16] . All women included in the study had previous HPV16 and HPV18 serological measurements based on VLP ELISA assays [9, 10] . The cutoff for VLP ELISA serology results was calculated independently for each test batch, by comparison with the distribution of the values obtained for the concurrently tested women with 0 sexual partners in that batch. Seropositivity for each HPV type was defined as 5 standard deviations above the mean optical density (OD) obtained for the concurrently tested women with 0 sexual partners. In addition, we analyzed protection at lower cutoffs (3 standard deviations above the mean OD of concurrently tested women with 0 sexual partners in each batch) and higher cutoffs (titers above the median of positive values within each batch using the 5 standard deviation cutoff).
Statistical Analysis
We analyzed assay reproducibility using R 2 To estimate the combined protection related to seropositivity measured for type combinations, we computed the summary log OR based on log ORs and 95% CIs. We then computed a pooled summary estimate assuming a fixed-effects model using the Mantel-Haenszel method. We report the sampling-adjusted ORs that account for the stratified sampling. We created disjoint strata that reflected the subcohorts from which we sampled, based on stratification variables (Figure 1) . For each stratum, we calculated sampling fractions as the ratio of numbers of stratum members in the stratified sample and the cohort. With these sampling fractions, we constructed an estimate of any characteristic of the full NHS cohort from our stratified random sample, just as we could with a standard simple random sample. Specifically, to obtain the sampling-adjusted ORs, we used weighted logistic regression. The reciprocal of the sampling fraction for a stratum serves as the weight for every individual in the stratum. We used PROC surveylogistic in SAS to do our weighted logistic regression and to adjust the variances accordingly. All statistical analyses were run in SAS, version 9.1; SPSS, version 15.0; and Stata, version 11.0.
RESULTS
cLIA Reproducibility
We evaluated the reproducibility of the cLIA assay for all 4 types in 56 blinded quality control samples. In the quantitative evaluation, the R 2 was 0.84 for HPV6 cLIA, 0.84 for HPV11 cLIA, 0.78 for HPV16 cLIA, and 0.96 for HPV18 cLIA. In the categorical evaluation, only 1 sample each for HPV11 cLIA, HPV16 cLIA, and HPV18 cLIA was classified differentially between the repeat measurements (with 4, 17, and 8 positive samples in total, respectively), translating to an overall agreement of 98% for these 3 types. Five samples were classified differentially in the HPV6 cLIA assay (with 15 samples with positive results), which had an overall agreement of 91%. Determinants of cLIA and VLP ELISA Positivity
We analyzed univariate predictors of seropositivity in both the cLIA and VLP ELISA assays (Table 1 ). There were no clear associations of seropositivity based on either assay with increasing age. Seropositivity using either assay was associated with markers of definite HPV exposure (ie, HPV DNA positivity or low grade squamous intraepithelial lesion [LSIL] cytology) or probable exposure (ie, number of sexual partners). When we examined the associations of seropositivity with ELISA only, when corresponding cLIA was negative, we observed residual and similar associations with markers of HPV exposure and sexual activity (data not shown). Thus, ELISA positivity was a more sensitive biomarker of past exposure; cLIA positivity represented a subset of exposures.
Protection Against Subsequent HPV Infection
We studied whether seropositivity according to cLIA and VLP ELISA was protective against subsequent infection with the 4 types measured by the cLIA assay ( . At a lower cutoff value for HPV16 VLP ELISA seropositivity (3 standard deviations above the mean OD of concurrently tested women with 0 sexual partners in each batch), the OR was 0.60 (95% CI, 0.40-0.90) and at a higher cutoff value (titers above the median of positive values within each batch using the 5 standard deviation cutoff value), the OR was 0.48 (95% CI, 0.22-1.01), indicating a slight dose response effect, as previously described [12] . None of the women with a positive cLIA result developed an HPV16-associated CIN2, compared with 4 women with VLP ELISA positivity who developed HPV16-associated CIN2.
When analyzing the interaction between HPV16 cLIA and HPV16 VLP ELISA, significant protection was only observed in the group of women positive for HPV16 by VLP ELISA and HPV16 by cLIA (OR, 0.33; 95% CI, 0.13-0.84) ( Table 3) .
Although the OR point estimates for the HPV18 cLIA suggested a protective effect, the finding was not significant (Table  2 ). In contrast to HPV16, 1 CIN21 with a concomitant HPV18 infection was detected in a woman positive for HPV18 by cLIA. Similar to HPV16, among strata of HPV18 VLP ELISA and HPV18 cLIA, the lowest OR point estimate was observed for women positive according to both assays (OR, 0.20; 95% CI, 0.03-1.47), but the protective effect was not significant (Table 4 To analyze the protective effects of the cLIA and VLP ELISA assays across types, we computed summary OR estimates from the age adjusted ORs. The combined OR for HPV16 and HPV18 cLIA was 0.41 (95% CI, 0.21-0.80), and the combined OR for the HPV16 and HPV18 VLP ELISA was 0.65 (95% CI, 0.46-0.93). For all 4 cLIA types combined, we observed an OR of 0.48 (95% CI, 0.28-0.80) for subsequent infection with the respective types.
We explored whether HPV16 or HPV18 cLIA positivity was protective against infections with closely related types, suggesting cross-protection. We studied the risk of subsequent infection among women with HPV16 cLIA titers for the HPV16-related types HPV31, HPV33, HPV52, and HPV58 and observed no protective effect. In women with HPV18 cLIA titers, we observed a reduced OR point estimate for HPV45 infections of 0.52 (95% CI, 0.12-2.20) that was not statistically significant (Table 5) .
Characteristics of Women With Incident HPV16 and HPV18 Infections Despite cLIA Positivity
Eight women with positive HPV16 cLIA titers had a subsequent HPV16 infection, and 2 women with positive HPV18 cLIA titers had a subsequent infection with HPV18 (Table 1 ; online only). cLIA titers among the 10 women (median, 74; range, 33-289) were similar to the titers measured in all women (median, 45; range, 20-414). Six of the 10 women had positive VLP ELISA results, whereas 3 had only negative results. The time from the serological measurement to infection with HPV16 or HPV18 varied from 1 to 96 months. One woman who had a HPV18 infection at the time of CIN21 detection and was positive according to cLIA had a strong HPV35 signal and a weak HPV18 signal, suggesting that HPV35 was the causal type. 
DISCUSSION
We present the first population-based study analyzing serum responses against neutralizing HPV epitopes in unvaccinated women using an assay measuring antibodies against HPV6, HPV11, HPV16, and HPV18. The cLIA assay reproducibility was good. Median cLIA titers observed in our study were approximately 10-fold lower than were titers reported for vaccinated women measured with the same assay [20] . Although virtually all vaccinated women experience seroconversion when naive for the respective type, only 36% of women with HPV16 DNA detection at baseline and only 25% of women with HPV18 DNA detection at baseline had positive cLIA titers at that time.
We examined cLIA positivity as a measure of immunity and as a marker of previous exposure in comparison with a previously used VLP ELISA. A limitation of our VLP ELISA assay is the use of pre-vaccine era VLPs that were manufactured more crudely than were the VLPs included in current assays.
Notably, no CIN21 related to HPV16 developed in 94 women with positive HPV16 cLIA titers over a 7-year period ( Table 2 ). The combined OR estimate for all 4 types showed significant protection from subsequent infections, but individual estimates for HPV6 and HPV18 were not statistically significant, and the estimate for HPV11 was highly unstable and null (Table 2) . Interestingly, women with positive HPV18 cLIA titers had a nonsignificantly reduced NOTE. The combined estimates show the pooled summary odds estimates for HPV16 and HPV18 or all 4 types combined based on the unweighted estimates. The sampling-adjusted OR estimates account for the stratified sampling, weighting back to the full NHS cohort excluding women censored at baseline and women without follow up HPV data, for a total population of 7811. CI, confidence interval; CIN21Type, concurrent detection of CIN2 or greater and the corresponding type; cLIA, competitive Luminex Immunoassay; HPV, human papillomavirus; NHS, Guanacaste Natural History Study; OR, odds ratio adjusted for continuous age at enrollment; Ref, reference categories; Type2, negative for the corresponding HPV genotype in the cervix in follow up; Type1, positive for the corresponding HPV genotype in follow up, but no CIN21 related to that type; VLP ELISA, virus-like particle enzyme-linked immunosorbent assay. NOTE. CI, confidence interval; CIN21 HPV16, concurrent detection of CIN2 or greater and HPV16; cLIA, competitive Luminex Immunoassay; HPV, human papillomavirus; HPV162, negative for HPV16 in follow-up; HPV161, positive for HPV16 in follow-up but no CIN21 related to HPV16; Neg, negative; OR, odds ratio adjusted for continuous age at enrollment; Pos, positive; VLP ELISA, virus-like particle enzyme-linked immunosorbent assay.
risk of incident HPV45 infections, suggesting that HPV18 antibodies may partly protect against HPV45 infections, as has been demonstrated in vaccination studies.
cLIA-based estimates of seroprevalence of HPV16 and HPV18, indicating past exposure, are lower than ELISAbased estimates. In the VLP ELISA, HPV16 and HPV18 seroprevalence was almost identical, whereas HPV18 cLIA seroprevalence was less than half of the HPV16 cLIA seroprevalence, better reflecting the prevalence of infections with these 2 types [9] . HPV6, HPV11, and HPV18 cLIA titers increased monotonically with more sexual partners, similar to the increase observed in positive VLP ELISA results, but this effect plateaued at 3 partners for HPV16 cLIA.
Although the cLIA seroprevalence was much lower than that of the VLP ELISA, the point estimate of protection was stronger, indicating that the cLIA is a more specific measure of immunity. Together, these findings corroborate that the cLIA assay measures a subset of the overall polyclonal response detected by the VLP ELISA. The proportion of cLIA-seropositive women with positive cLIA titers for multiple types was approximately 20%, in contrast to 60% reported for the VLP ELISA [10] , suggesting that the cLIA assay has a higher type-specificity than does the VLP ELISA.
The cLIA assay is based on competition of serum antibodies with 1 specific neutralizing antibody for each type. Presumably, the cLIA assay does not measure neutralizing antibodies as accurately as a secreted alkaline phosphatase neutralization assay [21] . Additional neutralizing antibodies binding to different epitopes may not be detected by the assay. Conversely, competition by serum antibodies binding close to the neutralizing epitope could lead to false-positive results. We evaluated women who developed HPV infections despite cLIA titers and did not observe a specific characteristic, like lower titers, or incident infection after a long time, suggesting that cLIA titers may have waned. However, we cannot exclude that some of the infections are actually reactivated latent infections.
We benefitted from a large population-based cohort followed-up over a 7-year period from baseline with highquality genotyping, good disease ascertainment, and previous VLP ELISA results. However, despite the large population base and the efficient sampling, our power to demonstrate protective effects for types other than HPV16 was limited. Although we observed lower ORs that were suggestive of better protection from subsequent HPV16 and HPV18 infections in the cLIA assay, compared with the VLP ELISA results, we could not assess the differences in protection between the 2 methods. Because only plasma samples were collected in NHS, we had to convert plasma samples to serum to run the cLIA assay.
A better quantification of the differences in protection from subsequent HPV infection between antibody titers measured with the cLIA assay and other tests would require a much larger study. A general problem in studying protective effects of HPV antibodies is the lack of a good exposure measurement; we cannot determine whether women who were not infected were actually exposed. We can only measure the failures and derive indirect measures of protection. Although the cLIA assay, at least for HPV16, indicates protection from subsequent infection and related disease, the assay is only a poor indicator of previous exposure to the HPV type. VLP ELISA assays that measure a broad spectrum of antibodies directed against L1 seem to be much better suited for this purpose. Our data suggest that naturally induced antibodies measured with the cLIA assay can protect against subsequent infection. Further studies are NOTE. CI, confidence interval; CIN21 HPV18, concurrent detection of CIN2 or greater and HPV18; cLIA, competitive Luminex Immunoassay; HPV, human papillomavirus; HPV182, negative for HPV18 in follow-up; HPV181, positive for HPV18 in follow-up but no CIN21 related to HPV18; Neg, negative; OR, odds ratio adjusted for continuous age at enrollment; Pos, positive; VLP ELISA, virus-like particle enzyme-linked immunosorbent assay. required to analyze which factors predict natural immunity and how long natural protection lasts.
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